OleT is a cytochrome P450 that catalyzes the hydrogen peroxidedependent metabolism of C n chain-length fatty acids to synthesize C n-1 1-alkenes. The decarboxylation reaction provides a route for the production of drop-in hydrocarbon fuels from a renewable and abundant natural resource. This transformation is highly unusual for a P450, which typically uses an Fe 4+ −oxo intermediate known as compound I for the insertion of oxygen into organic substrates. OleT, previously shown to form compound I, catalyzes a different reaction. A large substrate kinetic isotope effect (≥8) for OleT compound I decay confirms that, like monooxygenation, alkene formation is initiated by substrate C−H bond abstraction. Rather than finalizing the reaction through rapid oxygen rebound, alkene synthesis proceeds through the formation of a reaction cycle intermediate with kinetics, optical properties, and reactivity indicative of an Fe 4+ −OH species, compound II. The direct observation of this intermediate, normally fleeting in hydroxylases, provides a rationale for the carbon−carbon scission reaction catalyzed by OleT.
OleT is a cytochrome P450 that catalyzes the hydrogen peroxidedependent metabolism of C n chain-length fatty acids to synthesize C n-1 1-alkenes. The decarboxylation reaction provides a route for the production of drop-in hydrocarbon fuels from a renewable and abundant natural resource. This transformation is highly unusual for a P450, which typically uses an Fe 4+ −oxo intermediate known as compound I for the insertion of oxygen into organic substrates. OleT, previously shown to form compound I, catalyzes a different reaction. A large substrate kinetic isotope effect (≥8) for OleT compound I decay confirms that, like monooxygenation, alkene formation is initiated by substrate C−H bond abstraction. Rather than finalizing the reaction through rapid oxygen rebound, alkene synthesis proceeds through the formation of a reaction cycle intermediate with kinetics, optical properties, and reactivity indicative of an Fe 4+ −OH species, compound II. The direct observation of this intermediate, normally fleeting in hydroxylases, provides a rationale for the carbon−carbon scission reaction catalyzed by OleT. oxygen activation | metal−oxo | cytochrome P450 | hydrocarbon | compound II C ytochrome P450 (CYP) enzymes catalyze an extraordinary breadth of physiologically important oxidations for xenobiotic detoxification and specialized biosynthetic pathways (1, 2) . The metabolic diversity of CYP enzymes originates from a sophisticated interplay of substrate molecular recognition with precise tuning of metal oxygen species formed at the enzyme active site. CYPs use a thiolate-ligated heme iron cofactor to activate molecular oxygen and produce short-lived ferric superoxo (3) (4) (5) , ferric (hydro)peroxo (6) (7) (8) , and ferryl (9, 10) intermediates. Coordinated efforts over several decades have resulted in isolation of each intermediate, including recent characterization of the principal oxidant thought to be responsible for the vast majority of P450 oxidations, the Fe 4+ −oxo pi−cation radical species commonly referred to as compound I (or P450-I) (10) .
The archetypal P450 hydroxylation involves C−H bond abstraction by P450-I and ensuing rapid oxygen insertion through a recombination process termed "oxygen rebound" (11, 12) . The hydrogen abstraction/rebound mechanism describes the strategy used for most P450 transformations, and is thought to describe catalysis by numerous metal-dependent oxygenases and synthetic bio-inspired metal−oxo complexes (e.g., refs. [13] [14] [15] [16] [17] . Despite the ubiquity of this mechanism, in some metalloenzymes, a metal−oxo species is formed that is not ultimately destined for incorporation into a substrate. Some characterized examples include the nonheme dinuclear iron ribonucleotide reductase (RNR R2) (18, 19) and mononuclear iron halogenase SyrB2 (20) (21) (22) . The mechanisms for RNR and SyrB2 highlight the importance of quaternary structural elements, an extensive 35-Å proton-coupled electron transfer pathway in RNR (23), and extremely subtle (subangstrom) substrate positional tuning (SyrB2) (21, 22) , to enable efficient circumvention from the monooxygenation reaction coordinate.
P450-I has also been linked to a number of important transformations in which an oxygen rebound step is not readily observed, including the desaturation of pharmaceuticals by liver P450s to afford hepatotoxic metabolites (24) and the C−C lyase activity of human P450 aromatase that is critical for estrogen biosynthesis (25) , among others (26, 27) . However, unambiguous determination of the oxidant responsible and operant mechanism for these aberrant P450 transformations has met significant challenges. Compound I has not been isolatable from an O 2 -dependent reaction due to rate-limiting electron transfer processes, and the products resulting from these atypical reactions can sometimes represent only minor channels of the enzyme/substrate(s) involved. Attempts to resolve the mechanisms for these reactions have therefore largely relied on indirect methods: isotopic labeling strategies [oxygen incorporation (25, 28) , steady-state substrate (24, 27) , and solvent (29) kinetic isotope effects (KIE)], inference from the spectroscopic characterization of preceding reaction cycle intermediates (30) , or computational methods (31, 32) . Although P450-I species have been widely hypothesized to carry out many reactions in addition to monooxygenation, direct visualization has remained elusive due to the fleeting nature of this intermediate.
OleT is a recently discovered bacterial P450 that catalyzes an unusual carbon−carbon scission reaction, converting a C n chainlength fatty acid to a C n-1 1-alkene (33, 34) and carbon dioxide coproduct (35) (Fig. 1) . In addition to the peculiar chemical nature of this reaction, OleT catalysis has garnered significant biotechnological interest, as it involves the conversion of a bioavailable and abundant feedstock into a petrochemical and valuable synthetic precursor (36) (37) (38) . OleT differs from most P450s in two fundamental aspects. Belonging to the CYP152 family (39, 40) , catalysis is efficiently initiated by hydrogen peroxide, rather than O 2 and reducing equivalents delivered through a redox chain. Moreover, single (35) and multiple turnover (36, 38 ) studies of what is generally believed to approximate the chain length of the physiological substrate, eicosanoic acid (EA), have indicated that oxidative decarboxylation, affording nonadecene, is the largely dominant reaction route (34 18 
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Significance
The biocatalytic production of hydrocarbons from abundant natural resources provides a means to expand the current fuel inventory. The recently identified cytochrome P450, OleT, synthesizes 1-alkenes from fatty acids through a carbon−carbon scission reaction that is highly atypical for the enzyme superfamily. Rapid kinetics studies reveal two critical reaction cycle intermediates that define the catalytic strategy used by OleT and highlight the functional versatility of P450 enzymes. the 13 CO 2 product, ruling out a multistep oxygenolytic mechanism involving successive hydroxylations.
Benefitting from the high chemoselectivity of OleT and a facile means to rapidly trigger catalysis, we recently reported that a highly accumulating compound I intermediate (Ole-I) could be isolated in reactions of OleT using the native H 2 O 2 terminal oxidant and a bound deuterated substrate analog (35) . The observation of a compound I species in OleT, optically indistinguishable from those that promote hydroxylations (10, 41) (Table S1 and Fig. S1A ). The complex biphasic kinetic behavior for Ole-I decay may be attributed to multiple populations of the intermediate that react at different rates, or may alternatively hint toward the presence of an additional intermediate that absorbs at this wavelength. To delineate between these possibilities, the decay of Ole-I was alternatively monitored at 690 nm (Fig. S2) . The data, which could be accurately fit with a single exponential expression, indicate a homogeneously reactive Ole-I species. Consequently, the measured RRT measured at this wavelength (1/τ = 83 ± 2 s −1 ) correlates well with the fast phase from the 370-nm data. We (35) and others (34) have postulated that alkene formation may proceed via initial substrate H atom abstraction based on the accepted mechanism for aliphatic hydroxylations by P450-I, loss of a hydrogen from the Cβ position during conversion of a C n fatty acid to a C n-1 alkene, and structural similarity of OleT (33) with fatty acid hydroxylases (40, 42) that exhibit significantly large substrate 2 H steady-state KIEs (39) . Appreciable accumulation of Ole-I was not previously detected in the OleT single-turnover reaction with protiated EA (H 39 -EA), suggesting that the rate of reaction was too fast to be captured in our earlier photodiode array (PDA) studies (35) . To further probe the reactivity of Ole-I, the H 39 -EA single-turnover system was monitored at 370 nm with a photomultiplier tube (PMT), providing greater sensitivity. Biphasic characteristics were again observed, although the initial decay phase was significantly more rapid than for D 39 -EA, reaching completion within 10 ms (Fig. 2 , blue trace, Fig. S1B ). Despite this rapid disappearance, relatively accurate RRTs (within 10% error) were obtained from a two-summed exponential fit of the data, with 1/τ 1 = 630 ± 60 s −1 and 1/τ 2 = 6.9 ± 0.4 s
. Only the fast RRT demonstrated appreciable isotopic sensitivity. This indicates that, if the slower phase indeed derives from a second intermediate species that contributes to the absorbance at 370 nm, it does not directly abstract an H atom. An observed 2 H KIE for Ole-I decay at this H 2 O 2 concentration, which represents a lower limit for the unmasked value, is provided by a ratio of the fast RRTs, [
, giving a KIE ≥ 8.1 ± 1.1. The large KIE, which has not been previously measured for a P450-I generated with a bound substrate, is in accord with unmasked KIEs for steady-state P450 hydroxylations (12) , rapid mixing studies of P450-I (10), and similar thiolateligated heme iron−oxo species (41) , and theoretical considerations (43) . This confirms that the distinctive C−Cα cleavage catalyzed by OleT most likely commences in a very similar way to P450 monooxygenations.
A Second Intermediate in the Decarboxylation Reaction. Kinetic evidence for an additional chromophoric species in OleT decarboxylation prompted a close examination of the PDA data for the EA single-turnover reaction. In spectra obtained from mixing D 39 -EA-bound OleT with a large excess of H 2 O 2 , the loss of Ole-I (Fig. 3A , green spectrum) over 40 ms is accompanied by the formation of a new transient species (Fig. 3 A and B , orange spectrum). We refer to this second OleT intermediate as Int-2. Int-2 has a Soret maximum that appeared to be red-shifted and significantly less intense than the ferric water ligated low-spin (λ max = 417 nm) product state of the enzyme, which formed more slowly over the course of 500 ms (Fig. 3B, blue (Fig. 3B, Inset) , which shows a prominent positive feature at 440 nm and a secondary peak at 370 nm. A similar species was detected in parallel studies of OleT−H 39 -EA (Fig. 3C) , although its kinetics are clearly altered, instead maximizing within 10 ms. As a result, the difference spectrum (10 ms to 500 ms) shares the same positive optical features at 370 and 440 nm, but is approximately twofold more intense (Fig. 3C, Inset) . This kinetic behavior implies that one or both rate constants for Int-2 formation and decay are altered upon substrate isotopic substitution. Int-2 Is the Decay Product of Compound I. The kinetics of Int-2 was monitored at 440 nm using single-wavelength stopped flow. The time courses for both substrates reveal rapid development of the chromophore associated with Int-2 and a subsequent slower decay phase upon conversion to the final ferric low-spin product form (Fe 3+ −OH 2 ) of the enzyme (Fig. 4A and Fig. S1 C and D) . Each of the single-wavelength time courses could be appropriately fit to a sum of two exponential functions with well-resolved RRTs (Table S1 ). Intriguingly, the fast-phase RRT exhibited a large dependence on the isotopic composition of the substrate and, for both types of substrate, matched the decay rate constant for Ole-I. Both kinetic features suggest that Int-2 results from the decomposition of Ole-I, and therefore represents the next intermediate in the reaction sequence.
To delineate the kinetics of Int-2 more fully, the dependence of both RRTs at various H 2 O 2 concentrations was examined. For both H 39 -EA and D 39 -EA substrates, the slow RRT associated with Int-2 decay was independent of H 2 O 2 concentration, and demonstrated only minor isotopic sensitivity (Fig. S3) . This is consistent with an assignment of Int-2 as an intervening intermediate between Ole-I and Fe 3+ −OH 2 . For the D 39 -EA plot (Fig. 4B and Inset) , the fastest RRT shows a hyperbolic dependence on H 2 O 2 concentration, indicating that there are at least two reaction steps that lead to the generation of Int-2. Provided that this phase corresponds to an irreversible step in the reaction sequence, then the measured RRT corresponds to the rate constant for Int-2 formation. Results from a hyperbolic fit of the H 2 O 2 concentration dependence show that this is the case. The y intercept of the plot, zero, corresponds to the reverse rate constant for the Int-2 formation step (k −2 = 0). The asymptote of the plot (equal to k 2 + k −2 ) represents the formation rate constant for Int-2 (k 2 = 86 ± 4 s expected for substrate C−D bond cleavage, and that its rate of formation is identical to the decay rate constant of Ole-I. The Ole-I → Int-2 → Fe 3+ −OH 2 catalytic sequence is further verified by examination of the fast RRT versus H 2 O 2 for the H 39 -EA reaction (Fig. 4B) . In this case, the plot reveals a linear dependence of the RRT and H 2 O 2 , with no evidence of saturation within the accessible range of H 2 O 2 concentrations in which rates could be reliably measured. This altered kinetic behavior can be interpreted as arising from more facile cleavage of the target substrate C−H bond (relative to C−D), such that Int-2 formation is now partially dominated by the rate constant for H 2 O 2 binding. Accordingly, the forward and reverse rate constants for the peroxide −OH species similar to compound II. Rapid radical recombination by oxygen rebound prohibits the observation of compound II in P450 hydroxylations. However, the progressive decrease in decay rate constants for Ole-I and Int-2 allows for the latter to appreciably accumulate in OleT, most significantly for the H 39 -EA reaction (Fig. S4) . Using global analysis methods, we extracted the pure optical spectra for Ole-I and Int-2. A comparison of the optical spectra of these species with ferric low-spin Fe 3+ −OH 2 OleT is shown in Fig. 6A . The optical spectrum of Int-2 has characteristics that are highly similar to those reported for protonated thiolate Fe 4+ hydroxide complexes prepared in P450 (44) and the thiolateligated heme peroxygenase APO (45) . Notably, Int-2 is characterized by a Soret maximum at λ max = 426 nm that is clearly redshifted and has a lower molar extinction coefficient relative to the Fe 3+ −OH 2 form of the enzyme. Int-2 also exhibits a split Soret band, with an additional absorption maximum at 370 nm. This feature contributes to the slower, isotopically insensitive kinetic phase described earlier. To rule out the possibility that Int-2 could be more appropriately assigned as a deprotonated ferric hydroxide species (Fe 3+ −OH), which, in principle, could arise from hydrogen abstraction and ensuing rapid electron transfer from the substrate or a neighboring redox active amino acid, this form of the enzyme was generated for direct comparison. The addition of strong base to the substrate free Fe 3+ −OH 2 enzyme results in generation of a transiently stable Fe 3+ −OH (Fig. S5) . Notably, the Fe 3+ −OH species did not exhibit any of the principle optical spectroscopic features (Soret maximum, extinction coefficient, hyperporphyrin) that clearly define the spectrum of Int-2.
A model-independent approach was also used to verify the optical features of Int-2 obtained from global analysis. Following Ole-I depletion, the reaction consists of only two principle absorbing species, Int-2 and Fe 3+ −H 2 O. As a result, the spectrum of Int-2 can be simply derived at any timeframe from a linear combination of two spectra, one known. No additional input of kinetic parameters is necessary. This subtraction method consistently reproduced the same Int-2 spectrum determined from global analysis (Fig. S6) . Moreover, the relative composition of each species is in excellent agreement with those computed using rate constants from the kinetic model.
Additional support for the assignment of Int-2 as having an oxidation state higher than Fe 3+ is provided through an examination of its reactivity in double-mixing studies. Thiolate-ligated compound II species, including that of chloroperoxidase (CPO-II) (46) and aromatic peroxygenase (APO-II) (45) , are able to oxidize phenols, albeit with variable proficiency. Int-2 was first prepared by mixing the EA-H 39 -bound enzyme with H 2 O 2 to favor the rapid depletion of Ole-I and formation of Int-2. After a 20-ms aging time, various concentrations of pH buffered phenols were added in a second push. The decay of Int-2 was measured at 440 nm and fit to a singleexponential decay process (k obs ) (Fig. S7) . The addition of phenols significantly accelerated the decay of Int-2 in a concentrationdependent manner. This, along with the optical characterization of Int-2, rules out assignment as an Fe 3+ −OH species, which would be inert to phenols. Representative plots for the reactivity of phenol and 3-Cl phenol with Int-2 are shown in Fig. 6B with apparent secondorder rate constants, calculated from the slopes, in Fig. 6B . Additional data for a series of substituted phenols is provided in Table S2 . Discussion Transient kinetics directly demonstrate that a P450 compound I oxidant can carry out reactions that do not get finalized by an oxygen rebound step. Although alternative reactions for CYP-I species have been proposed for decades, prompting considerable discussion, the highly fleeting nature of compound I prevented prior observation of such a reaction taking place. The ability to rapidly trigger catalysis with the native oxidant used by the enzyme in the presence of a tightly bound substrate, and fortuitous rate constants for intermediate interconversions, provides direct insight into the origins of the impressive metabolic versatility of CYP oxidations. As a result of the visualization of two ferryl intermediates during OleT catalysis, C−C bond cleavage can be added to the diverse repertoire of transformations catalyzed by metal−oxo species. The mechanistic strategy adopted by OleT contrasts with those hypothesized for other metalloenzymes involved in hydrocarbon biosynthesis. In alkane formation by dinuclear iron aldehyde deformylating oxygenases, cleavage of the terminal aldehyde carbon, which is eventually lost as formate (47) , is thought to be mediated by formation of a nucleophilic iron peroxide intermediate (48) . This species is different from the highly oxidizing dinuclear Fe 4+ cluster more commonly used by structurally related monooxygenases (13) . Recently, a family of unrelated nonheme Fe 2+ -dependent enzymes (UndA) has also been shown to catalyze the conversion of mediumchain-length C n fatty acids to C n-1 alkenes (49) . Although the active oxidant involved in this O 2 -dependent reaction has yet to be clarified, an Fe 3+ superoxide intermediate has been proposed on the basis of the enzyme having no strict requirement for a reductant to facilitate O−O heterolysis. The 2 H substrate KIE for Ole-I decay demonstrates that alkene synthesis is not accommodated by the use of an alternative active-site oxidant that precedes compound I, nor from the rearrangement of an oxidized product. Instead, the OleT reaction coordinate diverges after C−H abstraction, and results from an apparent suppression of radical recombination.
The remarkable stability of Ole-II provides a framework to compare OleT catalysis with hallmark CYP monooxygenations. Although thiolate-ligated compound II species have recently been prepared in both CYP (44) and APO (45) enzymes, these species are produced from the deleterious oxidation of nearby aromatic amino acids from the protein framework (CYP), or by the addition of suitable poised reductants to rapidly quench compound I (APO), rendering them quasi-stable. The catalytic efficiency of the H 2 O 2 single-turnover system (35) and kinetic behavior of the Fe 4+ −OH species observed in OleT demonstrates that Ole-II is a competent reaction intermediate, and that it is directly produced from substrate C−H abstraction. To our knowledge, an analogous "rebound" intermediate has not been observed in any metalcontaining oxygenase to date. Although the optical data presented here do not permit a finite measure of the lifetime of the substrate radical, nor the precise localization of this species, a comparison of the rate of Ole-II decomposition to rates of radical recombination estimated for CYPs using radical clock substrates is informative. Although the rates computed from these approaches can vary with the CYP and substrate tested, typical radical lifetimes generally reside at the nanosecond to picosecond time scale (26) . Ole-II, by comparison, persists for hundreds of milliseconds and does not elicit oxygen rebound.
A number of factors may contribute to the recalcitrance of Ole-II • OH rebound. Intriguingly, the reactivity of Ole-II toward phenols more closely resembles that of chloroperoxidase CPO-II than the high proficiency observed for APO-II. However, the limited reactivity of Ole-II toward these substrates may not necessarily signal a change in electronic structure but is more likely to stem from the restricted access of molecules to the heme iron when a fatty acid is bound. Consequently, the pseudo-first-order decay rate constants exhibit a poor correlation with OH bond strength (Table S2) .
The predisposition of OleT to generate a substantial proportion of fatty alcohol products with shorter, nonphysiological substrates (36, 38) highlights that the enzyme is able to simultaneously function as an oxygenase. We propose, based on analogy to mechanisms purported for desaturases, which can also exhibit dual functionality (reviewed in ref. 50) , that bifurcation of the two pathways results from a competition of • OH rebound and abstraction of an additional substrate electron by Ole-II. The latter pathway, coupled to the recruitment of a proton to restore Fe 3+ −OH 2 (Fig. S8) , would lead to generation of a carbocation poised for C−Cα cleavage to liberate CO 2 . Although the intrinsic reactivity of Ole-II is most likely undervalued here, largely due to limitations that stem from its method of preparation, the estimated reduction potential (51) and oxidative prowess of APO-II (46) serve as a useful guide. As olefin and alcohol products result from the metabolism of chemically similar substrates, both rigid and precise positioning of a carbon-centered radical would seem necessary to inhibit oxygen rebound. Extensive contact with hydrophobic aromatic amino acids (e.g., Phe291, Phe79) may serve to anchor EA and provide a source of radical stabilization. Although regiospecific Cβ−H atom abstraction would most certainly need to be primarily satisfied, it does not solely ensure subsequent overoxidation to furnish a hydrocarbon by OleT and related CYP152 orthologs (40, 52) . Interesting comparisons are found with the functional divergence observed for nonheme iron enzymes and synthetic complexes, which effectively negotiate • OH bond insertion, rebound of alternative radical species (22) , and substrate desaturation (50, 53) . We anticipate that further elucidation of the factors that promote alkene formation will provide important parallels with these systems in a different structural framework, and provide opportunities to better leverage OleT activity with a broader substrate scope.
Materials and Methods
Stopped-flow experiments were performed using an Applied Photophysics Ltd. (APP) SX.20 stopped-flow spectrophotometer with PMT or PDA detection as indicated. EA-bound OleT was prepared by incubation of H 2 O 2 pretreated and desalted substrate-free enzyme (typically 10 μM to 40 μM) in 200 mM K 2 HPO 4 (pH 7.4) with a threefold molar excess of EA (H 39 -EA or D 39 -EA), prepared as a 10-mM stock in 70% (vol/vol) ethanol:30% (vol/vol) Triton X-100, for 15 h at 4°C. Undissolved fatty acid was removed by centrifugation for 10 min at 3,000 × g before loading into a stopped-flow syringe. The enzyme was mixed at 4°C with H 2 O 2 , similarly prepared in a 200-mM K 2 HPO 4 (pH 7.4) buffer. See Supporting Information for fitting methods.
